Modern amphibians (lissamphibians) are highly sensitive indicators of environmental disturbance. As such, fossil lissamphibians are an excellent model for testing causal hypotheses of the Cretaceous-Paleogene mass extinction and secondary effects of Deccan volcanism and a bolide impact (e.g., acid rain). We quantitatively analyzed high-resolution temporal changes in diversity and community structure of a succession of salamander and salamander-like lissamphibian assemblages from the Hell Creek Formation and Tullock Member of the Fort Union Formation of Garfi eld County, northeastern Montana (ca. 67.5-65.3 Ma). Richness, evenness, and taxonomic composition remained stable through the lower Hell Creek Formation. Peak richness (11 species) occurred in the middle of the formation coincident with a shortterm drop in evenness. Following a return to preexisting levels of evenness, diversity progressively declined in the upper third of the formation. This pattern refl ects plummeting relative abundances of Scapherpeton tectum and a stepwise disappearance of fi ve species, of which three represent extirpation (33%) and two represent extinction (22%). These results suggest that ecological instability increased in the local fauna during the last ~400 k.y. of the Cretaceous. Temporal correlation with local, regional, and global changes in other aspects of the terrestrial (mammals, plants) and marine (planktonic foraminifera, mollusks) biota and environment (volcanism, paleotemperature) implies a global phenomenon (late Maastrichtian event). The post-CretaceousPaleogene "survival" fauna from the lowermost Tullock Member was taxonomically depauperate and predominated by the "bloom taxon" Opisthotriton kayi. Together, our results lend growing support in favor of a complex multiple-cause scenario for the Cretaceous-Paleogene mass extinction event.
INTRODUCTION
Since Alvarez et al. (1980) , researchers have hotly debated the tempo and mode of the Cretaceous-Paleogene mass extinction event (for reviews, see Powell, 1998; Archibald, 2011) . Some have argued for a geologically sudden mass extinction event that resulted from a large bolide impact and its ancillary effects (e.g., global wildfi re, acid rain, thermal pulse, prolonged darkness) at the Cretaceous-Paleogene boundary (e.g., Robertson et al., 2004; Fastovsky and Sheehan, 2005; Goldin and Melosh, 2009; Schulte et al., 2010) . While there are multiple lines of compelling evidence for a large bolide impact at the Cretaceous-Paleogene boundary (Schulte et al., 2010) , evidence also exists for other signifi cant environmental perturbations that occurred shortly before and at the Cretaceous-Paleogene boundary (Deccan volcanism- Keller et al., 2009; marine regression-Archibald, 1996 ; climate change- Wilf et al., 2003; Tobin et al., 2012) . Other researchers have thus argued that a more likely scenario involves multiple perturbations that combined to cause the Cretaceous-Paleogene mass extinction event (see Wilson, this volume; Archibald et al., 2010) . Most recently, the multiple-cause scenario has taken the form of a presspulse model (White and Saunders, 2005; Arens and West, 2008) . Under this model, press mechanisms, such as climate change, sealevel change, and volcanism, operated over longer temporal scales (10 thousand years [k.y.] to 1 million years [m.y.]) to stress biotic communities during the latest Cretaceous, leaving them vulnerable to pulse mechanisms, such as a large bolide impact or a surge of volcanism, which occurred over shorter temporal scales (1 day to <10 k.y.) at or very near the Cretaceous-Paleogene boundary. Despite the abundance of literature on the Cretaceous-Paleogene mass extinction, few studies have directly tested these scenarios, particularly with the fossil record of the continental biota.
Most studies of the continental biota have relied upon taxonomic presence-absence data of "before" and "after" units immediately across the Cretaceous-Paleogene boundary (e.g., Archibald and Bryant, 1990) . These data have been used to estimate proportional rates of extinction at the scale of geologic formations and map the distribution of extinctions among higher taxa. In turn, they have provided important measures of the severity of the mass extinction event and a means for testing the congruence of causal hypotheses and the pattern of differential survival (e.g., Table 6 .1 in Archibald, 1996) . Unfortunately, this approach provides only limited information regarding the timing of extinctions, which is vital to differentiating between the aforementioned extinction scenarios, and neglects relative abundance data, which are a major component of biological diversity (Magurran, 2004) . Although Archibald and Bryant (1990) measured relative abundances, they only distinguished between "common" and "rare" taxa in their results. Other studies have shown that trends in richness and relative abundances are often decoupled or discordant, revealing important insights about extinction and recovery dynamics (McKinney et al., 1998; McElwain et al., 2009) . Thus, testing the Cretaceous-Paleogene extinction scenarios requires quantifi cation of high-resolution temporal patterns of biotic diversity leading up to and across the Cretaceous-Paleogene boundary.
In this study, we compile a well-constrained stratigraphic succession of vertebrate microfossil assemblages that spans ~2.2 m.y. across the Cretaceous-Paleogene boundary (ca. 67.5-65.3 Ma). The fossil assemblages derive from exposures of the Hell Creek Formation and the lowermost Tullock Member of the Fort Union Formation in Garfi eld County, northeastern Montana (Fig. 1) . In particular, we focus on the salamanders and salamanderlike lissamphibians (caudates and allocaudates, respectively) within these assemblages. Developmental and ecophysiological traits of modern lissamphibians (frogs, salamanders, caecilians), such as the lack of a cleidoic egg, highly permeable skin allowing for ion, water, and gas exchange, a biphasic life cycle, and strict ectothermy, infl uence their biogeography, abundances, and sensitivity to climate change and environmental perturbations (Lillywhite, 2010) . In fact, caudates and lissamphibians in general are commonly viewed as ecological indicators or "canaries in a coal mine" that refl ect the overall health of an ecosystem (Morell, 1999; Wake and Vredenburg, 2008) . They thus represent excellent models for examining ecological and evolutionary dynamics leading up to and across the Cretaceous-Paleogene boundary.
With the aim of testing the extinction scenarios, we quantitatively analyzed temporal trends in species richness, evenness, relative abundance distributions, taxonomic composition, and turnover in a fossil database of salamanders and salamander-like lissamphibians. Results show that during the last ~400 k.y. of the Cretaceous, fi ve of nine (56%) caudate and allocaudate species were lost in a stepwise fashion from local assemblages, of which three lineages reappeared as Lazarus taxa (sensu Flessa and Jablonski, 1983) in the study area or elsewhere in North America in the early and late Paleocene. Signifi cant changes in diversity and community structure also preceded the Cretaceous-Paleogene boundary and temporally correlate with similar changes in other components of the local vertebrate fauna, the regional paleofl ora, the global marine biota, and proxies for global environmental conditions. These results lend growing support in favor of a complex multiple-cause scenario for the Cretaceous-Paleogene mass extinction event. LME-late Maastrichtian event NALMA-North American land mammal "age" Pu-Puercan NALMA RAD-relative abundance distribution
PREVIOUS WORK ON SALAMANDERS AND SALAMANDER-LIKE LISSAMPHIBIANS ACROSS THE CRETACEOUS-PALEOGENE BOUNDARY
The fate of caudate and allocaudate faunas across the Cretaceous-Paleogene boundary has been examined in previous studies within the wider context of vertebrate faunas. In their analysis of the UCMP vertebrate fossil database from the Hell Creek Formation and Tullock Member of the Fort Union Formation of Garfi eld and McCone Counties in northeastern Montana, Archibald and Bryant (1990) documented the CretaceousPaleogene survivorship of fi ve of seven caudate and allocaudate species (100% of the common species). Because these changes were recorded at the scale of geologic formations and NALMA, it was not precisely known when these changes occurred relative to the Cretaceous-Paleogene boundary and the ~1.9 m.y. depositional duration of the Hell Creek Formation in the study area (see also Bryant, 1989) . The Pearson et al. (2002) study is one of the few that has examined high-resolution temporal patterns in a succession of vertebrate assemblages leading up to the Cretaceous-Paleogene boundary, although they did not extend their study into the Paleocene. They compiled a database of stratigraphic occurrences of vertebrate taxa through the Hell Creek Formation in the Williston Basin of southwestern North Dakota and northwestern South Dakota. The duration of Hell Creek deposition in their study area is estimated to be ~1.36 m.y. (Hicks et al., 2002) versus ~1.9 m.y. in northeastern Montana (Wilson, this volume) . Of the 321 caudate specimens from 19 stratigraphic horizons in the Pearson et al. (2002) database, 172 specimens were identifi able to three species, namely Scapherpeton tectum, Opisthotriton kayi, and Habrosaurus dilatus. The most common caudate, Scapherpeton tectum, and Opisthotriton kayi occurred throughout the Hell Creek Formation and to within ~3 m of the Cretaceous-Paleogene boundary in the study area, whereas Habrosaurus dilatus was restricted to the upper half of the section. Notably, eight caudate and allocaudate species that occur in the Hell Creek Formation of northeastern Montana (this study) were not found in their sections. The absence of these mostly rare and/or small-bodied taxa may signify temporal, biogeographic, and/or paleoenvironmental differences between the two study areas; however, they are more likely due to the small lissamphibian sample sizes and limited use of screen washing in the Pearson et al. (2002) study. We expect that recent extensive screen washing efforts in the North and South Dakota study area should alleviate most of these differences. Lillegraven and Eberle (1999) also examined changes in a stratigraphic succession of Lancian and Puercan vertebrate faunas of the Ferris Formation in the Hanna Basin of south-central Wyoming. They recorded Habrosaurus dilatus through most of the Lancian time in the Ferris Formation, whereas Scapherpeton tectum only occurred immediately below the Lancian-Puercan zone of uncertainty (ca. Cretaceous-Paleogene boundary). Lissamphibians were not reported from the Puercan of the Ferris Formation, but again small fossil sample sizes in this study limit the robustness of the results. Caudates and allocaudates have also been reported from a number of other Lancian vertebrate microfossil assemblages in the Western Interior of North America (e.g., Estes, 1964; Carpenter, 1979; Breithaupt, 1982; Cifelli et al., 1999) , sometimes in large quantities (e.g., the Lance local fauna). However, because most of these assemblages do not occur in stratigraphic succession with other assemblages or because they lack well-constrained chronostratigraphic data relative to the Cretaceous-Paleogene boundary, they are of limited value in understanding diversity dynamics up to and across the Cretaceous-Paleogene boundary at the scale of this study.
MATERIALS AND METHODS
In this section, we provide the details of the fossil database and chronostratigraphic framework used in the analyses, and the computational methods used to infer changes in taxonomic diversity and community structure across the Cretaceous-Paleogene boundary in the study area.
Fossil Database and Chronostratigraphic Framework
Fossil caudates and allocaudates used in this study were collected from exposures of the uppermost Cretaceous Hell Creek Formation and the lowermost Paleocene Tullock Member of the Fort Union Formation of Garfi eld County, northeastern Montana. Hereafter, we abbreviate the latter stratigraphic unit as the Tullock Member. Specimens were drawn from vertebrate microfossil collections made beginning in 1972 under the guidance of William A. Clemens of the UCMP (e.g., Archibald and Bryant, 1990 ) and more recently through crews led by one of us (Wilson) while affi liated with the UCMP (1998) (1999) (2000) (2001) (2002) (2003) (2004) , DMNH (2005 DMNH ( -2007 , and UWBM (2008-present) (Wilson, 2005, this volume) . We only included specimens that were identifi able to the species level and that derive from localities that were both surface collected and screen washed and occur in a detailed stratigraphic framework. Fossil anurans (frogs) were omitted from this study but will be included in future iterations.
The resulting fossil caudate and allocaudate database consists of 2021 specimens, of which 1491 are from 67 Lancian localities and 530 are from an early Puercan (Pu1) locality (UCMP locality V74111). The Lancian localities sample 49 distinct horizons and span ~75 m of the ~89.5-m-thick Hell Creek Formation in the study area. The early Puercan specimens are from the lowermost Tullock Member less than 3 m above the Cretaceous-Paleogene boundary. Specimens from UCMP localities V73085 (Flat Creek 3) and V73087 (Flat Creek 5) were combined into a single assemblage because they are thought to represent the same local fauna (Archibald, 1982) . This approach was also deemed appropriate for DMNH localities 3302 (Hot Feet General), 3304 (Hot Feet Sharon's Spot), 3305 (Hot Feet Phyllis' Layer), and 3327 (Hot Feet Pat's General), which occur in the same stratigraphic horizon and laterally span ~30 m of exposure. Because fossil sample size varies throughout the section, some quantitative analyses (i.e., rarefaction, heterogeneity estimates, and relative abundance distributions) were restricted to six well-sampled assemblages (UCMP localities V99220, V99369, V74111; UWBM locality C1153; Flat Creek assemblage; Hot Feet assemblage). Each of these six assemblages has ≥138 specimens and we consider them to be well sampled (see Table 1 for details).
The higher-level systematics of caudates used here is based on Milner (2000) and Heatwole and Carroll (2000, their Appendix 2) . We follow other workers (e.g., Fox and Naylor, 1982; McGowan and Evans, 1995; Gardner, 2001) in regarding albanerpetontids as a distinct clade of salamander-like lissamphibians (Order Allocaudata: Family Albanerpetontidae; Fox and Naylor, 1982 ; for a review, see Gardner and Böhme, 2008) .
Descriptions and diagnoses of common North American Late Cretaceous and early Paleocene salamanders and albanerpetontids can be found in the literature. In particular, we refer the reader to Estes (1981) and Holman (2006) for a broad overview and to the following references for each genus: Opisthotriton (Estes, 1964 (Estes, , 1969a Gardner, 2000c) , Prodesmodon (Estes, 1964; Naylor, 1979; Gardner, 2000c) , Habrosaurus (Estes, 1964; Gardner, 2003a) , Scapherpeton (Estes, 1964 (Estes, , 1969a Gardner, 2000c) , Lisserpeton (Estes, 1965; Gardner, 2000c) , Piceoerpeton (Naylor and Krause, 1981; Naylor, 1983; Gardner, 2012) , Proamphiuma (Estes, 1969b; Gardner, 2003b) , and Albanerpeton (Fox and Naylor, 1982; Gardner, 2000a) . A new genus and species of proteid was recognized during this study and is here referred to as Proteidae gen. et sp. nov. It is formally described elsewhere (Paranecturus garbanii: DeMar, 2013) . Specimens from the database also include previously undescribed elements of Habrosaurus prodilatus and geographic and temporal range extensions of two taxa (DeMar, 2011) .
Images of voucher specimens are included in Figures 2 and 3. Summary statistics of anatomical elements in the database appear in Table 2 . The majority of specimens are atlantes and trunk vertebrae; caudal vertebrae are far less abundant. Toothbearing elements are common and include premaxillae, maxillae, vomers, and dentaries. Associations of isolated vertebral and skull elements are reliably known for the batrachosauroidid Opisthotriton (Estes, 1975) , the sirenid Habrosaurus (Estes, 1964; Gardner, 2003a) , and to a lesser degree for scapherpetontids (e.g., Scapherpeton, Lisserpeton; Gardner, 2005) . Identifi cations of some fossils from the uppermost 13.8 m of the Hell Creek Formation are based on the UCMP online vertebrate collections database (www.ucmp.berkeley.edu/science/vertebrate_coll.php).
The chronostratigraphic framework for this study is based on that described in Wilson (2005) and updated in Wilson (this volume) . Fossil localities were incorporated into the chronostratigraphic framework based on measured stratigraphic positional data as described in Wilson (2005, this volume) . Stratigraphic positions are reported in meters above or below the CretaceousPaleogene boundary (e.g., −35 m for a locality 35 m below the Cretaceous-Paleogene boundary). Figure 4 shows the level of sampling through the section. Sample sizes from the middle third of the Hell Creek Formation are being bolstered through ongoing collection in this part of the section. Numerous additional specimens are known from the upper third of the Hell Creek Formation, but they have yet to be examined and incorporated into this database.
Taxonomic Richness
Taxonomic richness of caudates and allocaudates was calculated as: (1) the raw number of species per locality; (2) the species-level and generic-level standing richness (i.e., number of species or genera that fi rst appear or last appear in a stratigraphic horizon plus those that range through the horizon); and (3) the expected number of species in 136 specimen subsamples of the six most fossiliferous assemblages (Table 1) . Expected species richness was calculated via rarefaction analysis using Analytic Rarefaction version 1.3 (Holland, 2003) , which is based on the rarefaction equations of Tipper (1979) . Expected species richness values and rarefaction curves with 95% confi dence intervals are meant to account for variation in sample size (Raup, 1975; Tipper, 1979) in the six well-sampled assemblages ( Table 1) that span the section.
Relative Abundances and Heterogeneity Measures
We used two approaches to calculate relative abundances of individuals within caudate and allocaudate species in the Hell Creek Formation and the lowermost Tullock Member. In one approach, we only used the six well-sampled assemblages (Table 1) ; these span the stratigraphic interval of interest. In the Mbr./Fm. NALMA L a n c i a n Pu1
Age (Ma) Tullock Hell Creek Figure 4 . Caudate and allocaudate fossil sample sizes through the Hell Creek Formation and lowermost Tullock Member of Garfi eld County, northeastern Montana. Fossil sample sizes are based on 10 m bins. The chronostratigraphic framework is based on the following data: Ar/Ar radiometric ages (*) from Swisher et al. (1993) and revised by Renne et al. (1998) and Wilson (2004 Wilson ( , 2005 ; ages for magnetochron boundaries ( ‡) from Ogg and Smith (2004) ; and the estimated age of the base of the Hell Creek Formation ( †) from Wilson (this volume). K-Pg-Cretaceous-Paleogene boundary; Pu1-early Puercan; NALMA-North American land mammal "age."
other approach, we subdivided the Hell Creek Formation and the lowermost Tullock Member into 10 m stratigraphic intervals. Only one 10 m bin in the Hell Creek Formation (−30 m to −40 m) did not have adequate sampling for the analysis (<20 specimens). In our analysis, we used eight bins, of which one had 60 specimens and all others had at least 167 specimens. The former approach minimizes the effects of time averaging and is likely more ecologically relevant, whereas the latter approach provides larger sample sizes and a more stratigraphically even treatment of the interval of interest. In all cases, counts were based on the number of identifi able specimens per taxon (NISP) method rather than the minimum number of individuals (MNI) method. This approach was deemed most appropriate because most fossil localities in the study area derive from deposits with a low probability of skeletal association (e.g., channels, crevasse splays; Badgley, 1986) . Some workers have recommended using the minimum number of elements (MNE) method in cases where breakage of elements is more likely to occur, for example, through the process of screen washing (Badgley, 1986) . Brinkman (1990) noted the tendency of hour-glass-shaped lissamphibian trunk vertebrae to break at their midline and recommended consideration of halfcentra as elements. We less commonly observed midline breakage among scapherpetontid trunk vertebrae, whereas the long, slender trunk vertebrae of Opisthotriton showed a greater degree of midline breakage. Because most fragmentary specimens that are identifi able to Opisthotriton were from the anterior section, overestimation of the abundance of this taxon from counting anterior and posterior half-centra is likely minimal. On this basis, we follow previous studies in using the NISP approach for lissamphibians despite the occurrence of breakage as a complicating factor (Brinkman, 1990) . We also note that in our database, species of Habrosaurus are almost entirely represented by toothbearing elements, whereas Albanerpeton is identifi ed solely on these elements; as a consequence, their abundances are probably underestimated relative to taxa that are represented more commonly by vertebrae. Future efforts will attempt to quantify and account for this discrepancy. Although fi delity of relative abundances in the fossil record is subject to sampling and taphonomic biases (Behrensmeyer et al., 1992; Blob and Badgley, 2007; Rogers and Brady, 2010) , the effect of differences in taphonomic fi lters among assemblages is reduced when considering fossils of similar size and shape, such as those included here (Blob and Fiorillo, 1996) . We calculated relative abundances based on the total number of individuals in an assemblage, but we only plotted relative abundances of the four most common species in the section (Opisthotriton, Scapherpeton, Habrosaurus, Lisserpeton) .
For each of the six well-sampled assemblages (Table 1) , we combined richness and relative abundance data to calculate four heterogeneity indices (evenness, equitability, Simpson's, BergerParker) and 95% confi dence intervals, using PAST (Paleontological Statistics Software Package; Hammer et al., 2001 ). These heterogeneity indices measure diversity in slightly different ways by emphasizing richness, dominance, and rarity to varying degrees. Evenness and equitability indices are derived from Shannon's index (H), which is based in information statistics (for a review, see Magurran, 2004 ). Simpson's and Berger-Parker indices are sometimes referred to as dominance measures (the inverse of evenness) because they place less emphasis on richness than the other measures and more emphasis on the most common species.
To more fully investigate community structure, we also constructed relative abundance distributions (RADs; Magurran, 2004) for each of the six well-sampled assemblages (Table 1) . These are log-linear plots of the rank abundance versus percent relative abundance for all species in a community. RAD shape (e.g., steepness of slope) may provide information regarding the ecological stability of a community and thereby reveal trends in deterioration and recovery of communities leading up to and across the Cretaceous-Paleogene boundary (McElwain et al., 2009 ). We generated the RADs and tested their fi t to fi ve ecological and theoretical models that represent different assumptions about niche apportionment. These analyses were done using Vegan 1.17-1 (Oksanen et al., 2010) for the statistical program R, version 2.10.1 (R Development Core Team, 2009), with Akaike's information criterion (AIC) as the measure of most likely fi t among the fi ve models. For a more thorough explanation of the methods and models, see Wilson (this volume, and references therein).
Taxonomic Composition and Turnover
We tabulated biostratigraphic ranges for all species in the Hell Creek Formation and lowermost Tullock Member. The 50% stratigraphic confi dence intervals are derived from two one-tailed calculations for the end points of the observed ranges. These calculations are based on the stratigraphic distribution of fossil localities and number of specimens recovered within the local section, using Wilf and Johnson's (2004) expansion of the Strauss and Sadler (1989) method. Wilf and Johnson's calculations incorporate "fossil recovery potential functions" (FRPFs; Marshall, 1997) , which specify potential for fossil recovery as a function of stratigraphic position. As in the Wilson studies (2005, this volume), we developed FRPFs from the total number of identifi able specimens in a taxon's observed stratigraphic range. As a result, confi dence intervals for biostratigraphic ranges adjacent to well-sampled parts of the stratigraphic section are smaller than those calculated from a random distribution method. Some confi dence intervals extend indefi nitely above or below the sampled stratigraphic interval.
From the biostratigraphic range data, we calculated turnover events in 5 m stratigraphic bins (e.g., the highest Lancian 5 m bin includes all specimens that occur between 0 and 5 m below the Cretaceous-Paleogene boundary). A species was considered present in a stratigraphic interval if it occurred in a locality from that stratigraphic interval (true occurrence) or in localities above and below that stratigraphic interval (range-through occurrence). A range-through occurrence implies that the absence of a species from the stratigraphic interval is more likely due to sampling error than to true short-term absence, although this may not always be the case. The range-through method may produce edge effects, including artifactually higher numbers of appearances and disappearances at the bottom and top of the stratigraphic section, respectively, where the method cannot be applied (Foote, 2000) . These effects are minimized in this study because the fossil localities nearest the bottom and top of the section are fairly well sampled.
We calculated turnover rates at the species level as pertaxon rates (Foote, 2000) and proportional rates per bin, with the assumption that durations represented by the 5 m bins are uniform throughout the section (~108 k.y.). Estimated per-capita turnover rates (λ = appearance, μ = disappearance) were calculated according to Foote (2000) .
RESULTS
The results are subdivided by the major analyses: taxonomic richness, relative abundances and heterogeneity measures, and taxonomic composition and turnover.
Taxonomic Richness
The raw number of species (fi lled circles, Fig. 5 ) varies among fossil localities within a stratigraphic horizon and throughout the section. The maximum raw number of species for each horizon increases from the lower to the middle part of the Hell Creek Formation, and then it declines thereafter into the uppermost Hell Creek Formation and the lowermost Tullock Member. The standing richness data at both the species (Fig. 5 , gray shade) and genus level (Fig. 5 , dashed line) largely mirror this pattern. Results from the rarefaction analysis also refl ect this pattern ( Fig. 5 , diamonds; see also Table 1 ). After accounting for differences in sample sizes, the expected richnesses of the lowermost (−76 m) and upper Hell Creek assemblages (−19.5, −5 m) are signifi cantly lower than the middle Hell Creek assemblage (−41 m), and the expected richness of the Pu1 assemblage (+3 m) immediately across the Cretaceous-Paleogene boundary is signifi cantly lower than all but the uppermost Hell Creek assemblage (−5 m). The expected richness of UCMP locality V99369 (−59 m) from the lower middle Hell Creek is not statistically different from the middle Hell Creek value (−41 m). The strong positive correlation (r = 0.862, p < 0.001) between the log number of lissamphibian specimens and the raw richness per locality shown in Figure 6 indicates that sampling intensity plays a signifi cant role in the observed raw richness and standing richness patterns. Only two localities with greater than 100 specimens fall 29n Pmag 29r Period C r e t a c e o u s P a l e o g e n e Fox Hills Mbr./Fm. NALMA L a n c i a n Pu1
Age (Ma) Tullock Hell Creek Figure 5 . Caudate and allocaudate taxonomic richness through the Hell Creek Formation (Lancian) and lowermost Tullock Member (early Puercan [Pu1]) of Garfi eld County, northeastern Montana. Richness is represented as (1) raw numbers of species at individual localities (fi lled circles; if more than one locality at the same horizon has the same richness, the number of localities is listed within the circle); (2) standing species richness through the section (gray shade under solid line); (3) standing generic richness through the section (area under dashed line); and (4) expected numbers of species (open diamonds and 95% confi dence intervals) from rarefaction analysis of 136-specimen samples from select localities (see Table 1 for details). For an explanation of the chronostratigraphic framework, see caption for outside the 95% confi dence intervals: UWBM locality C1153 from the middle of the Hell Creek Formation (Lancian) has signifi cantly higher richness (n = 11) than expected, whereas UCMP locality V74111 from the lowermost Tullock Member (Pu1) has signifi cantly lower richness (n = 5) than expected. Rarefaction curves (Fig. 7) confi rm the depressed richness of the Pu1 locality. By 100 sampled specimens, the richness of UCMP locality V74111 levels off slightly above four species, whereas Lancian Hell Creek assemblages tend to plateau later (>100 specimens) and at higher levels of richness (6-10 species). Table 1 for details).
Relative Abundances and Heterogeneity Measures
The four heterogeneity indices from each of the six wellsampled assemblages (Table 1) show a common trend in diversity leading up to and across the Cretaceous-Paleogene boundary (Fig. 8) . Heterogeneity was relatively high for much of the Hell Creek Formation, but minima occurred in the middle (UWBM locality C1153) and uppermost parts (UCMP localities V73085, V73087) of the formation; thereafter, all but the evenness values (Fig. 8A ) decreased across the Cretaceous-Paleogene boundary in the lowermost Tullock Member Pu1 assemblage (UCMP locality V74111). The signifi cance of the pattern as gauged by 95% confi dence intervals varies slightly among the heterogeneity indices. The evenness value for the middle Hell Creek 29n Pmag 29r Period C r e t a c e o u s P a l e o g e n e Fox Hills Mbr./Fm. NALMA L a n c i a n Pu1
Age ( Table 1 assemblage is signifi cantly lower than all other assemblages. For the equitability and Simpson indices (Figs. 8B and 8C) , values from the middle Hell Creek assemblage (UWBM locality C1153) and the uppermost Hell Creek assemblage (UCMP localities V73085, V73087) are not signifi cantly different from each other, though they are signifi cantly lower than other Hell Creek assemblages. According to the dominance measures (Simpson's, Berger-Parker; Figs. 8C and 8D), the heterogeneity of the lowermost Tullock assemblage (UCMP locality V74111) is signifi cantly lower than those for all Hell Creek assemblages; for the information indices, it is statistically distinct from all assemblages (equitability) and from all but the uppermost Hell Creek assemblage (evenness).
The RADs from each of the six well-sampled assemblages (Table 1) show temporal changes in community structure that are similar to but more detailed than those seen from the heterogeneity indices (Fig. 9) . Among Lancian assemblages, the differences between the percent abundances of species of successive rank tend to be relatively small. As a consequence, the fi tted lines for most of these assemblages are gently sloping. One exception is the assemblage from the middle of the Hell Creek Formation (UWBM locality C1153), which has an initially steep slope followed by a large number of rare taxa (n = 9; <5% relative abundance). Additionally, the assemblage from the uppermost part of the Hell Creek Formation (UCMP localities V73085, V73087) has a fi tted line of notably steeper slope. This trend continued across the Cretaceous-Paleogene boundary to the Pu1 assemblage, which has an even steeper fi tted curve. The models that best fi t the abundance data vary among localities (Table 3) without a discernible pattern. In stratigraphic order, the Zipf model in an assemblage and a line or curve representing the best-fi t model for the data (see Table 3 ). For each assemblage, the two most abundant taxa and the total fossil sample size (N) are indicated. All assemblages are Lancian in age, except UCMP locality V74111 (Pu1), and are identifi ed by locality numbers and stratigraphic position relative to the CretaceousPaleogene boundary (see Table 1 for details).
fi ts the lowest Lancian assemblage (UCMP locality V99220) slightly better than the log-normal model does; the geometric model is the best fi t for UCMP locality V99369; the abundance data of Lancian assemblages from the middle and upper Hell Creek Formation (UWBM locality C1153 and DMNH localities 3302, 3304, 3305, 3327, respectively) are best fi t by the Zipf model; the geometric model is the best fi t for the uppermost Hell Creek assemblage (UCMP localities V73085, V73087); and the Zipf model provides the best fi t for the Pu1 assemblage from the lowermost Tullock Member (UCMP locality V74111). In all but the lowermost Hell Creek assemblage (UCMP locality V99220), the batrachosauroidid Opisthotriton kayi is the most common species, followed by the scapherpetontid Scapherpeton tectum. This abundance ranking differs from observations by Bryant (Bryant, 1989, p. 32) wherein Scapherpeton was considered "the most common salamander in the Hell Creek and Tullock formations in the study area." This discrepancy might be due to differences in sampling methodologies or sample sizes (see Bryant, 1989; Archibald and Bryant, 1990) . Only in the lowermost Hell Creek assemblage (UCMP locality V99220) is Scapherpeton tectum the most common species, followed by Opisthotriton kayi, Habrosaurus dilatus, and Lisserpeton bairdi. Figure 10 provides another view of the relative abundance trends (10 m bins), revealing a strong inverse relationship between Scapherpeton tectum and Opisthotriton kayi. Through the Hell Creek Formation and across the Cretaceous-Paleogene boundary into the Tullock Member, percent relative abundance of Scapherpeton decreases from ~60% to 6%, whereas percent abundance of Opisthotriton increases from 17% to 88% over the same span. The other common taxa, Habrosaurus dilatus and the scapherpetontid Lisserpeton bairdi, maintain low (<15%) and slightly decreasing percent relative abundances through the section.
Taxonomic Composition and Turnover
Among the 11 Lancian lissamphibian species in the database, four caudates range through the Hell Creek Formation and across the Cretaceous-Paleogene boundary into the Tullock Member (Fig. 11) : the batrachosauroidid Opisthotriton kayi (Figs. 2I-2J ), the scapherpetontids Lisserpeton bairdi (Figs. 2A-2B ) and Scapherpeton tectum (Figs. 2C-2D) , and the sirenid Habrosaurus dilatus (Figs. 3I-3J) . Two other scapherpetontids (Piceoerpeton naylori and Scapherpetontidae gen. et. sp. A; Figs. 2E-2F and 2M-2O, respectively) are only found within the Hell Creek Formation, though upper stratigraphic confi dence limits for both taxa extend across the Cretaceous-Paleogene boundary. The presence of Piceoerpeton willwoodense in the late Paleocene and early Eocene of North America (Meszoely, 1967; Estes and Hutchison, 1980; Naylor and Krause, 1981) implies that the Piceoerpeton lineage survived the end Cretaceous mass extinction. As an aside, Gardner (2012) questioned Bryant's (1989) identifi cation of an atlantal centrum from the Hell Creek Formation as cf. Piceoerpeton (UCMP 123524). Because we have not seen this specimen to confi rm the identifi cation, we have chosen to exclude it from our database.
The sirenid Habrosaurus prodilatus (Figs. 3A-3H ) was previously only known from older Judithian-age deposits of the Dinosaur Park Formation in Alberta (Gardner, 2003a) . Here, we note its co-occurrence with H. dilatus and extend its temporal and biogeographic range to the lower half of the Hell Creek Formation in the study area (see also DeMar, 2011) . The upper 50% confi dence limit for the stratigraphic range of H. prodilatus implies that it likely went extinct well before the CretaceousPaleogene boundary. Estes (1969b) , Estes and Berberian (1970) , and Gardner (2003b) reported occurrences of Proamphiuma cretacea from the Bug Creek Anthills of McCone County, northeastern Montana. This locality is no longer considered Cretaceous in age. Instead, it is interpreted as a Paleocene channel deposit that formed during incision of Hell Creek Formation strata (Lofgren et al., 1990) . As such, Bug Creek specimens of P. cretacea may have either been reworked from Cretaceous-aged deposits or deposited during the earliest Paleocene, or both. We identifi ed several trunk vertebrae of P. cretacea in assemblages from the Tullock Member, of which the stratigraphically lowest occurs in UCMP locality V74111 (+3 m; Pu1 NALMA) and provides the fi rst unequivocal evidence of Paleocene-aged P. cretacea (Figs. 2P-2R ; see also DeMar, 2011) .
The batrachosauroidid Prodesmodon copei (Figs. 2K-2L ) is known from three fossil assemblages that together span most 29n Pmag 29r Period C r e t a c e o u s P a l e o g e n e Fox Hills Mbr./Fm. NALMA L a n c i a n Pu1 of the Hell Creek Formation. Note that Bryant (1989) identifi ed voucher specimens of P. copei (UCMP 130687, vertebrae) from the uppermost Hell Creek Formation (UCMP locality V75162), but we re-identifi ed these as squamate vertebrae and in turn removed them from our analyses. Despite the very low percent relative abundance of P. copei (~1%), its upper 50% stratigraphic confi dence limit implies that it survived the CretaceousPaleogene event. This agrees with our recent discovery of P. copei (UCMP 557548) from an undifferentiated Pu2/3 locality (UCMP locality V72126) of the Tullock Member within the study area. A reported but undocumented occurrence of this taxon (i.e., no voucher specimen listed, described, or fi gured) from the late Puercan (Pu2/3) Purgatory Hill locality of the middle part of the Tullock Member of McCone County, Montana (Van Valen and Sloan, 1965; Estes, 1981) , would, if confi rmed, be consistent with the survival of P. copei into the Paleocene.
Necturus krausei (the genus Necturus is extant) from the late Paleocene-age (Tiffanian NALMA) Ravenscrag Formation of Saskatchewan, Canada, was previously the oldest known member of the Proteidae (Naylor, 1978) . Our reported occurrence of Proteidae gen. et sp. nov. (Figs. 2G-2H ) in the latest Cretaceous Hell Creek Formation represents a substantial temporal range extension for the family (~5 m.y.) and implies survivorship of Proteidae across the Cretaceous-Paleogene boundary (see DeMar, 2013) .
Two albanerpetontids are reported from the study area. Albanerpeton galaktion has previously been reported from older and contemporaneous deposits elsewhere (Fox and Naylor, 1982; Gardner, 2000a) . We record A. galaktion (Figs. 3K-3L ) from the lower half of the Hell Creek Formation (−59 and −41.2 m; Fig. 11 ), representing its fi rst reported appearance in the study area. The better-known A. nexuosum (amended from A. nexuosus by Folie and Codrea, 2005;  Figs. 3M-3N ) is identifi ed from several localities in the upper half of the Hell Creek Formation. Two specimens (UCMP 556657, 556564) from UCMP locality V99369 (−59 m) may belong to A. nexuosum and thus extend its stratigraphic range lower in the section, but due to poor preservation, we conservatively identify these as Albanerpeton sp. indet. Likewise, several specimens (UCMP 123309, 123490, 123493) from the uppermost portions of the Hell Creek Formation (UCMP locality V73087) may belong to A. galaktion, thus extending its range higher up in section, but again, poor preservation prevents a species-level identifi cation. Although we can infer that the genus Albanerpeton survived the Cretaceous-Paleogene boundary based on its occurrences in the late Paleocene of North America (e.g., Paskapoo Formation of Alberta, Canada; Gardner, 2000b; Gardner and Böhme, 2008) and through the Cenozoic into the Pliocene of Europe (e.g., Venczel and Gardner, 2005) , its presence in the Paleocene deposits of the local section is inconclusive. A poorly preserved maxilla (UCMP 556631) from the lowermost Tullock Member (UCMP locality V74111) exhibits some features reminiscent of albanerpetontids, but we presently cannot rule out other taxonomic affi nities (e.g., unidentifi ed caudate or anuran).
Rates of turnover per 5 m bin are unexceptional through most of the Hell Creek Formation (Fig. 12) . The high proportional rate of appearance at the base of the section (Fig. 12B) is an artifact of the method for calculating proportional rates. Two moderate spikes in appearance rates (proportional and per-capita) occur in the lower half of the formation, represented by the fi rst appearances of four rare species (Prodesmodon copei, Scapherpetontidae gen. et sp. A, Albanerpeton galaktion, A. nexuosum). With better fossil sampling, these taxa may range to the base of the section. Disappearance rates are also negligible during the same interval, save the spike that occurs at −41 m. This resulted from the local disappearance, and possible extinction, of Habrosaurus prodilatus and Albanerpeton galaktion. The one prolonged surge in turnover rates occurs in the uppermost 20 m of the Hell Creek Formation. Rates of disappearances (per-capita) increased leading up to the Cretaceous-Paleogene boundary from 0.11 to 0.12 within 14.5 m of the Cretaceous-Paleogene boundary and then by more than fourfold (0.52) in the penultimate bin (Fig. 12A) . Proportional rates of disappearances over the same interval show a similar trend (11.1%, 12.5%, 42.9%, respectively), but when correcting for pseudoextinctions (i.e., Albanerpeton, Prodesmodon, Piceoerpeton), the proportional rate does not spike in the penultimate bin (14.3%; Fig. 12B ). Overall, this represents the steady loss of fi ve out of nine species (56%) during this interval. However, upper confi dence limits for the stratigraphic ranges of some of the relevant taxa (Fig. 11) imply that some disappearances might have been concentrated closer to the CretaceousPaleogene boundary.
DISCUSSION AND CONCLUSIONS

Lead-Up to the Cretaceous-Paleogene Boundary: Declining Diversity
Our data show that the diversity of caudate and allocaudate assemblages of northeastern Montana changed through time leading up to the Cretaceous-Paleogene boundary. In the middle of the Hell Creek Formation (−41 m), which corresponds to ~800-900 k.y. before the Cretaceous-Paleogene boundary and the latter part of magnetochron C30n, the caudate and allocaudate fauna reached a short-lived peak in taxonomic richness (11 species). This is in part due to a narrow stratigraphic overlap of Habrosaurus prodilatus and Albanerpeton galaktion, which made their last appearances, and Albanerpeton nexuosum, which made its fi rst unequivocal appearance at this point in the local section. A large concurrent drop in evenness, as inferred by decreasing heterogeneity values and steepening RAD slopes, implies a signifi cant change in community structure as well. Opisthotriton kayi replaced Scapherpeton tectum as the most ecologically abundant taxon, climbing from 49% and 33% in the preceding intervals to nearly 80% of all caudate and allocaudate individuals. By consequence, the newly added species were rare, with relative abundances less than 5%. Apart from the high species richness, this middle Hell Creek caudate and allocaudate fauna strongly resembled the post-CretaceousPaleogene survival fauna (see following). In fact, the evenness value (Fig. 8A) for this middle Hell Creek assemblage is lower than the Pu1 survival fauna. These changes were transitory, with a return to preexisting levels of richness, evenness, and community structure in the next well-sampled stratigraphic horizon (−19.5 
m).
It is unclear whether this faunal shift in the middle of the Hell Creek Formation refl ects a response to a brief environmental perturbation or an anomaly in the fossil database. Deccan fl ood basalt volcanism, which likely had an impact on latest Cretaceous global atmospheric content and climates (e.g., Self et al., 2006; Tobin et al., 2012) , began on the Indian subcontinent in magnetochron C30n; however, the main eruptive phase occurred later, during the Cretaceous part of C29r (e.g., Chenet et al., 2009) . Regionally, leaf margin analysis of paleofl oras from southwestern North Dakota indicates a cool interval in the latter part of C30n that spanned this short-lived change in the caudate and allocaudate fauna. Higher species richness during a cooler interval would be consistent with modern caudate biogeography, wherein most species inhabit the cooler and temperate climates of eastern and western North America and temperate Eurasia (Crump, 2010) . Gardner and Böhme (2008) likewise suggested that albanerpetontids, like many extant lissamphibians, might have favored lower or more moderate temperatures.
At this time, we hesitate to interpret this faunal change as a response to a modest drop in paleotemperatures, noting that fossil samples from the middle of the Hell Creek Formation in northeastern Montana (−40 to −50 m bin) currently derive from a single locality (UWBM locality C1153). Although the caudate and allocaudate sample from this locality is substantial in size (N = 235 specimens), it may be an oddity from a unique depositional environment or taphonomic fi lter. The mammalian fossil sample from this locality is presently too small (N = 14 specimens) to offer further insight, but study of the sedimentology and taphonomy of the site is currently under way by one of us (DeMar). Thus, we await the results of that study and samples from additional localities in this and adjacent stratigraphic bins to test the robustness of this abrupt shift in the caudate and allocaudate fauna.
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Age ( Following a return to preexisting levels of richness, evenness, and community structure (at −19.5 m; Hot Feet assemblage), the caudate and allocaudate faunas underwent a protracted decline during the last ~400 k.y. of the Cretaceous that continued across the Cretaceous-Paleogene boundary. Local richness decreased in a stepwise fashion from nine to four species as rates of disappearance increased leading up to the Cretaceous-Paleogene boundary. During this interval, there was also a statistically signifi cant decline in heterogeneity values, a steepening of RAD slopes, and a statistically signifi cant increase in the abundance of Opisthotriton kayi relative to Scapherpeton tectum and other lissamphibians. These changes imply growing instability in the structure of caudate and allocaudate paleocommunities. This trend appears robust across multiple stratigraphic horizons and in multiple well-sampled localities.
As discussed in Wilson (this volume), the initiation of these changes in caudate and allocaudate assemblages occurred during an episode of increased atmospheric pCO 2 and estimated mean annual temperatures (e.g., Li and Keller, 1998) , referred to as the late Maastrichtian event (Nordt et al., 2003) . The late Maastrichtian event, which interrupted a general Maastrichtian cooling trend (Barrera and Savin, 1999) , has been recorded globally in marine deposits via stable isotopic analysis (δ 18 O, δ 13 C) of foraminifera (Li and Keller, 1998; Wilf et al., 2003; MacLeod et al., 2005) and macrofauna (Tobin et al., 2012) and regionally in terrestrial deposits of western North America via isotopic analysis of paleosol carbonates (Nordt et al., 2003) and leaf margin analysis of paleofl oras (Wilf et al., 2003) . Although estimates of its timing and magnitude vary with ocean depth, geography, and climate proxy, data from paleofl oras of nearby North Dakota suggest that the warming event, which may have been precipitated by CO 2 released from the main pulse of Deccan volcanism (Ravizza and Peucker-Ehrenbrink, 2003; Self et al., 2006; Chenet et al., 2009; Tobin et al., 2012) , began ~500-600 k.y. before the Cretaceous-Paleogene boundary. Temperatures remained elevated by ~5-6 °C until a dramatic cooling interval lowered temperatures by ~7 °C within the last ~100 k.y. of the Cretaceous (Wilf et al., 2003) . Peak warming occurred ~200-300 k.y. before the Cretaceous-Paleogene boundary and coincident with the transition from the HC II megafl oral zone to what has been interpreted as the immigration of a species-rich, warm-adapted fl ora (HC III fl ora; Wilf et al., 2003) . It may also correlate with a signifi cant concentration of late Maastrichtian palynological disappearances (RT3-level) recorded in northern Canada (Sweet and Braman, 2001 ). In the marine realm, changes in the species richness, relative abundances, and geographic ranges of planktonic foraminifera (Kucera and Malmgren, 1998) and extinctions in molluscs (Tobin et al., 2012) have been temporally correlated with the late Maastrichtian event and interpreted as responses to biotic stress conditions caused by episodes of Deccan volcanism (Keller, 2003) . In northeastern Montana, mammalian faunas initially experienced modest turnover followed by sustained declines in mean individual body size and evenness of local faunas and relative abundances of metatherians. These mammalian faunal changes began in the middle to upper third of the Hell Creek Formation and intensifi ed up section, culminating in the extinction of 75% of all mammalian species within the last 10 m of the formation (Wilson, this volume) . The temporally correlated and wide-reaching nature of these biotic changes makes plausible their connection to the late Maastrichtian event and its associated environmental changes. The implied level of biotic stress in vertebrate faunas of northeastern Montana prior to the CretaceousPaleogene boundary would also be consistent with environmental instability inferred from a short interval of fl uctuating δ 13 C values of sedimentary organic material in the upper Hell Creek Formation of nearby North Dakota (Arens and Jahren, 2002) .
Although the stepwise loss of 56% of caudate and allocaudate species within the last ~20 m of the local section temporally correlates with the global and regional warming of the late Maastrichtian event and the sudden cooling event that followed (Li and Keller, 1998; Nordt et al., 2003; Wilf et al., 2003) , an alternative interpretation is that the pattern of turnover only appears stepwise due to sampling artifacts, namely, the Signor-Lipps effect (Signor and Lipps, 1982) . If this were the case, the true pattern of turnover would be more concentrated closer to the Cretaceous-Paleogene boundary. The pattern of expected richness, however, casts doubt on this scenario by showing a signifi cant decline between −41 m and −5 m. Moreover, two of the involved species (Albanerpeton galaktion, Proteidae gen. et sp. nov.) have an upper 50% stratigraphic confi dence limit that predicts their true disappearances no less than 5 m below the top of the Hell Creek Formation and more than ~100 k.y. before the Cretaceous-Paleogene boundary. For the other species involved, although their last appearances successively occur at −14.5 m (Scapherpetontidae gen. et sp. A) and −5.2 m (Prodesmodon copei, Piceoerpeton naylori, Albanerpeton nexuosum), their upper stratigraphic confi dence limits extend across the Cretaceous-Paleogene boundary and into the Tullock Member. Central to this issue is the fossil sampling profi le in the last 10 m of the Hell Creek Formation: Whereas the sample sizes in the penultimate stratigraphic bin (−10 m to −5 m) are large (267 specimens), the stratigraphically highest bin (−5 m to 0 m) includes only 25 specimens, all from one locality (UCMP locality V75162). Thus, while we expect that targeted collecting in this interval will improve our ability to discriminate among alternative extinction patterns, at present the weight of the data support a protracted pattern of caudate and allocaudate turnover accompanied by declining heterogeneity values and declining relative abundances of Scapherpeton during the last ~400 k.y. of the Cretaceous.
Cretaceous-Paleogene Extinction
Despite uncertainties in the timing of these events, the caudate and allocaudate assemblages experienced signifi cant turnover near the Cretaceous-Paleogene boundary (−20 m to 0 m). The local disappearance of 56% of all species in the section corresponds to 22% species-level extinction. Although Piceoerpeton naylori is absent from Paleocene strata in the study area, the lineage reappeared elsewhere in the late Paleocene of Wyoming and Montana (see Results: Taxonomic Composition and Turnover). Likewise, Albanerpeton sp. and indeterminate albanerpetontids from the middle and late Paleocene of Alberta (Gardner and Böhme, 2008) suggest that at least one Albanerpeton lineage (likely A. nexuosum) survived the Cretaceous-Paleogene boundary. Furthermore, the reappearance of Prodesmodon copei in the middle of the Tullock Member (Pu2/3) indicates its survival. Thus, these three lineages were temporarily extirpated from northeastern Montana or had very low abundances, but they did not go extinct in the Cretaceous-Paleogene mass extinction.
The overall survivorship pattern of caudates and allocaudates largely agrees with that presented in Archibald and Bryant (1990) for northeastern Montana. Our slightly lower extinction rate (22% vs. 28.6%) derives from updates to the systematic paleontology (i.e., new taxa, re-identifi cations). As noted by Archibald and Bryant (1990) , the Cretaceous-Paleogene survivors tend to be the most common species in the caudate and allocaudate assemblages from the Hell Creek Formation. Indeed, all four of the local survivors (Opisthotriton kayi, Scapherpeton tectum, Lisserpeton bairdi, Habrosaurus dilatus) not only range through most of the Hell Creek Formation, but they also occur in 23-41 of the 49 stratigraphic horizons and account for more than 95% of all Hell Creek specimens. The Cretaceous-Paleogene victims never constituted more than 7% of all specimens in any one 10 m stratigraphic bin. The Cretaceous-Paleogene survivors also have geographic ranges across much of the Western Interior of North America in the Lancian, whereas the victims are restricted to the study area. Although not amenable to statistical analysis, the apparent pattern of endemics as victims (although both endemics are newly recognized species) agrees with ecological and paleontological studies that suggest that abundant and widespread taxa are less vulnerable to background extinction than are rare and geographically restricted taxa (e.g., Jablonski, 2005; Molles, 2005; Payne and Finnegan, 2007) , and it contrasts with cases in which such factors do not confer an advantage during times of mass extinction (e.g., Jablonski, 1986 Jablonski, , 1989 Lockwood, 2003; Payne and Finnegan, 2007) .
Among higher-level taxa from the Hell Creek assemblages of northeastern Montana, all four caudate families (i.e., Batrachosauroididae, Scapherpetontidae, Sirenidae, Proteidae) survived the Cretaceous-Paleogene event. At the species level, one of four scapherpetontids suffered extinction. One scapherpetontid and one batrachosauroidid were extirpated near the CretaceousPaleogene boundary. The lone sirenid from the upper Hell Creek Formation persisted into the Paleocene. The newly recognized proteid species suffered extinction, but Proteidae reappeared in the late Tiffanian NALMA in the form of Necturus krausei (Naylor, 1978) . Allocaudates, represented by a single albanerpetontid in the upper Hell Creek Formation (Albanerpeton nexuosum), were extirpated. Together, these data offer no strong support for taxonomic selectivity among caudates and allocaudates during the Cretaceous-Paleogene mass extinction event.
Investigating body-size selectivity among fossil caudates and allocaudates is challenging due to the habitat-dependent and indeterminate growth strategies of modern lissamphibians (Sebens, 1987) . Moreover, the fossil localities used in this study, though collected via similar methods (surface and screen washing), do not derive from isotaphonomic deposits (e.g., channel lags vs. crevasse splays). As a result, we would expect the distribution and frequency of fossil sizes to vary across localities; however, because the size range represented by caudate and allocaudate specimens in our study is small, the differences are likely negligible (Blob and Fiorillo, 1996) . Previous investigations into the taphonomy of vertebrate microfossil localities within the Hell Creek Formation of northeastern Montana support this conclusion (L. Wilson, 2008) and have found no directed taphonomic trends through the section that might bias our interpretations of caudate and allocaudate body size trends (Wilson, 2005) .
Acknowledging these concerns, we recognize a body size pattern among caudates and allocaudates that might refl ect selectivity in survivorship across the Cretaceous-Paleogene boundary. Qualitative estimates of maximum body size indicate that the three Cretaceous-Paleogene survivors (Habrosaurus, Scapherpeton, Lisserpeton) were large relative to other Lancian caudates (Estes, 1964; Holman, 2006) . For example, Estes (1981) estimated that Habrosaurus dilatus might have reached a total body length of 160 cm, based on the maximum length of its trunk vertebrae (~2 cm). Scapherpetontidae gen. et sp. A, though known from only a few specimens, has trunk vertebrae that are similar in size to those of the other relatively large scapherpetontids Scapherpeton and Lisserpeton. Opisthotriton kayi, which is the most abundant species in the local section, was intermediate in body size relative to other Lancian caudates (Estes, 1964) , with a maximum estimated total body length of ~35 cm. Among the victims, Piceoerpeton naylori might have been intermediate in body size, but the remainder (Proteidae gen. et sp. nov., Albanerpeton) were small (~10-20 cm total body length), based on maximum vertebral dimensions or complete skeletons (e.g., McGowan and Evans, 1995; DeMar, 2013) . The overall pattern might indicate that larger body size among Lancian caudates and allocaudates provided an important advantage in Cretaceous-Paleogene survival (e.g., longer estivation times; Gehlbach et al., 1973) . This would contrast with studies suggesting that large body size is a selective disadvantage during times of background extinction (e.g., Jablonski, 1996) ; however, it should be noted that caudates and allocaudates are small relative to other aspects of the Lancian vertebrate fauna (e.g., nonavian dinosaurs, crocodiles). Future research will aim to quantify and test the robustness of this pattern and investigate plausible advantages of larger body size in Cretaceous-Paleogene caudates and allocaudates.
Ecomorphological traits of Lancian caudates and allocaudates that refl ect diet and life habit provide no clear evidence of selectivity in Cretaceous-Paleogene survivorship among these groups. Fossil batrachosauroidids, scapherpetontids, sirenids, and proteids were paedomorphic and likely fully aquatic, as suggested by their somewhat elongate bodies and reduced limbs (e.g., Estes, 1964; Gardner, 2000c) . Albanerpetontids are generally regarded as having been predominantly terrestrial with specializations for fossoriality and terrestrial locomotion, based on their robustly built skulls, interdigitating intermandibular joint, modifi ed cervical vertebrae, dermal scales, and powerful limbs and girdles (e.g., see Gardner and Böhme, 2008, and references therein) . In terms of dietary habits, modern caudates are viewed as generalist predators that prey upon arthropods, mollusks, annelids, and small vertebrates (Solé and Rödder, 2010) . Most Lancian caudates have relatively simple, pointed, unicuspid teeth that suggest that they too were generalist predators, though there is notable morphological variation among them. For example, Opisthotriton has pedicellate teeth (i.e., having a basal pedicel and a distal crown separated by a zone of weakness; Holman, 2006) , which suggest it may have fed on soft-bodied organisms. The stout, non-pedicellate, bulbous teeth of Habrosaurus dilatus suggest a diet of hard-bodied arthropods and mollusks (Estes, 1964; Gardner, 2003a) . Albanerpetontids possess pleurodont, tricuspid, non-pedicellate teeth (Milner, 2000) with shearing capabilities (Gardner, 2001) , which also suggest a diet consisting mainly of hard-bodied organisms (Fox and Naylor, 1982) . Although the dental morphological adaptations of caudates and allocaudates overlap, the prey items available to each might have differed depending on their preferred habitat (i.e., aquatic and terrestrial, respectively). However, there does not appear to be a strong pattern of selectivity along this axis in the pattern of Cretaceous-Paleogene survivorship of caudates and allocaudates.
On a broader scale, aspects of the inferred ecologies of Lancian caudates and allocaudates likely contributed to their lower rate of Cretaceous-Paleogene extinction relative to some other Lancian vertebrates (e.g., squamates, mammals: Archibald and Bryant, 1990; Wilson, this volume) . For instance, Robertson et al. (2004) argued that a severe thermal pulse would have occurred within the fi rst few hours after the bolide impact, and survivors would have needed to fi nd shelter from its effects in water or below ground surface (but see Goldin and Melosh [2009] for a model that predicts a less severe thermal pulse). Batrachosauroidids, scapherpetontids, sirenids, and proteids are considered obligate aquatic taxa (Estes, 1975 (Estes, , 1976 Naylor, 1978; Gardner 2003a) and would have been sheltered from the immediate effects of a thermal pulse by staying submerged under water. Although the inferred fossorial nature of Albanerpeton appears to have had little effect on its local survival, the aquatic lifestyles of Lancian caudates, along with their probable ability to estivate, would have also provided an advantage in this regard. This is consistent with previous observations that freshwater taxa suffered far less extinction (10%) than those from the terrestrial realm (88%; Archibald and Bryant, 1990; Sheehan and Fastovsky, 1992) . Likewise, as dietary generalists that could have fed among the detritus, they might have been less prone to extinction than specialist feeders, such as herbivorous nonavian dinosaurs (Sheehan and Hansen, 1986; Sheehan et al., 1996) .
Cretaceous-Paleogene Survival: Depauperate Fauna with Opisthotriton kayi as Bloom Taxon
During the fi rst ~100-200 k.y. after the CretaceousPaleogene mass extinction, the Pu1 caudate and allocaudate assemblage (UCMP locality V74111) of northeastern Montana was taxonomically depauperate and highly uneven. Other Pu1 assemblages known from the study area appear to be consistent with this pattern, but they require more detailed study and additional sampling to fully corroborate this result. Mammal data from Pu1 assemblages show a similar pattern of low evenness (Wilson, this volume) . Despite the large sample size of caudates (530 specimens) from UCMP locality V74111, only four local survivor taxa occur in this assemblage (Opisthotriton kayi, Scapherpeton tectum, Lisserpeton bairdi, Habrosaurus dilatus) with one (O. kayi) making up ~88% of all individuals. A single immigrant, Proamphiuma cretacea, made its fi rst appearance in the study area, but it was extremely rare (0.4%). This pattern of diversity is reminiscent of those found among modern communities after an ecological disturbance or during the early stages of ecological succession (Magurran, 2004) . It also closely matches descriptions of survival biotas in the "standard model" of postextinction biotic recovery (Harries et al., 1996; Erwin, 1998) : a taxonomically impoverished biota that is numerically dominated by one or a few opportunistic generalists or bloom taxa. The survival biota of the "standard model" also usually includes an infl ux of postextinction immigrants (but see Jablonski, 1998) . Immigrants were a strong component of the Pu1 mammalian survival fauna in northeastern Montana (Weil and Clemens, 1998; Clemens, 2010; Wilson, this volume) , but this does not seem to have been the case in the Pu1 caudate survival fauna. It is not wholly unexpected, seeing that modern lissamphibians are poor dispersers (Crnobrnja-Isailovic, 2007; Wells, 2007) and consequently have low species turnover rates, as indicated by their high beta diversity (Qian, 2009) .
Most of the local survivors persisted well into the Paleocene (e.g., L. bairdi-Torrejonian; O. kayi, S. tectum, and H. dilatusTiffanian; Gardner, 2000c; Holman, 2006 ); none appears to have suffered the fate of what Jablonski (2002) called "dead clades walking"-taxa that survive mass extinctions only to decline in richness, become marginalized, or simply fail to diversify during the recovery interval. With the exception of the relatively rapid reappearance of the Lazarus taxon Prodesmodon during the early Paleocene (Pu2/3 NALMA), major changes in the caudate and allocaudate fauna of North America did not occur until the late Paleocene. Albanerpeton and Piceoerpeton, as additional examples of Lazarus taxa typical of postextinction recoveries (Erwin, 2001) , did not reappear until the Torrejonian and Tiffanian NALMAs, respectively. Concurrent with the reappearances of Piceoerpeton and Albanerpeton, two new caudate families appeared in North America: the Cryptobranchidae and Dicamptodontidae (Milner, 2000; Holman, 2006) . It should be noted that prior to this study (see DeMar, 2013) , the Proteidae also was considered to have made their fi rst appearance in North America during the Tiffanian NALMA (Naylor, 1978) . Overall, these changes occurred over a period of ~5 m.y. Thus, the Cretaceous-Paleogene extinction event incurred minor losses to the caudate and allocaudate fauna of northeastern Montana, and the available fossil record indicates that these losses were not immediately followed by the rapid turnover via speciation or high rates of immigration typical of other postextinction recoveries and radiations (e.g., mammals; Clemens, 2002; Wilson, this volume) . Despite the immigration event of Proamphiuma and the relatively rapid reappearance of Prodesmodon into northeastern Montana, the Lazarus pattern and diversifi cation in North America ~5 m.y. after the Cretaceous-Paleogene boundary imply a delayed recovery and diversifi cation for the caudate and allocaudate fauna; however, until the nonmammalian vertebrate fauna of the intervening interval has been more thoroughly documented, this scenario remains provisional.
Role of Acid Rain in the Cretaceous-Paleogene Extinction
Caudates and allocaudates suffered a lower rate of extinction at or near the Cretaceous-Paleogene boundary (2 of 9 species [22%]) than did many vertebrate groups in northeastern Montana (e.g., 21 of 28 mammal species were lost [75%]; Wilson, this volume) . The level of extinction reported here is less than reported by Archibald and Bryant (1990, who reported 28 .6% for caudates and allocaudates), and it is lower than expected in light of the reputation of modern lissamphibians as sensitive indicators of ecological instability and environmental disturbance (e.g., Wake, 1991; Alford and Richards, 1999) . Several authors (Archibald and Bryant, 1990; Weil, 1994; Archibald, 1996) have noted the inconsistency of the lissamphibian survivorship pattern in relation to predictions of global acid rain at the Cretaceous-Paleogene boundary as well as predictions of other harmful agents, such as large volumes of NO 2 gas and increased exposure to ultraviolet-B radiation due to temporary loss of the atmospheric ozone shield (Prinn and Fegley, 1987; Kring, 2007) .
Rainout of nitric acid would have resulted from the large amount of nitric oxide that was allegedly produced in the atmosphere by the kinetic energy from both the bolide entry and the impact ejecta plume of water vapor and rock (Lewis et al., 1982; Prinn and Fegley, 1987) . Vaporization of anhydrite evaporites at the impact site may have contributed sulfuric acid to the rainout as well (Sigurdsson et al., 1992; Brett, 1992; Kring et al., 1996) . Because the amount of each acid produced depends on a number of bolide and impact site parameters (see, e.g., Prinn and Fegley, 1987) , theoretical estimates vary considerably (see Table 2 .2 in Retallack, 2004) . Prinn and Fegley (1987) estimated that an asteroid impact would lead to acid rain with pH ≈ 0-1 at the impact site and pH ≈ 4-5 globally; estimates for a cometary impact are considerably lower (pH ≈ 0-1.5 at the impact site and globally). Empirical data interpreted as evidence of acid rain include paleosol features (e.g., kaolinitic composition) of the CretaceousPaleogene boundary clay in northeastern Montana (Retallack et al., 1987; Retallack, 1996 Retallack, , 2004 , nitrogen enrichment of the Cretaceous-Paleogene boundary clay of New Zealand (Gilmour et al., 1990) , and elevated strontium isotope ratios of fossil foraminifera (Hess et al., 1986; MacDougall, 1988; Vonhof and Smit, 1997) . Estimates of acid production from these data agree with the lower end of the theoretical estimates and, based on limits of acidifi cation implied by the paleosol data, suggest a pH of 4 as the lower bound for acid rain at the Cretaceous-Paleogene boundary in northeastern Montana (Retallack, 2004) . Retallack (2004) proposed additional constraints on the pH of the acid rain based on the differing sensitivities of modern freshwater organisms to acidifi cation of their environments. For example, acid tolerances reported for shelled mollusks range between pH 5.5 and 8.0; those reported for fi sh range between pH 4.2 and 8.0; and those reported for lissamphibians range between pH 3.4 and 8.0 (Howells, 1995;  fi gure 2.7 in Retallack, 2004) . With these ranges and the then-available fossil data from northeastern Montana (Archibald and Bryant, 1990; Hartman, 1998) , Retallack (2004) argued that major levels of extinction among mollusks and moderate to low levels among fi sh and lissamphibians suggested that the acid rain at the CretaceousPaleogene boundary ranged between pH 4 and 5.5. Maruoka and Koeberl (2003) went further in proposing that the effect of acid rain on the freshwater biota might have been neutralized by the buffering capacity of a calcium-enriched impact vapor plume. The calcium enrichment of the vapor plume is predicted on the basis of abundant carbonate sediments at the impact target in Chicxulub. Prinn and Fegley (1987) earlier recognized this neutralization potential but believed that it would have probably had only a small effect. Instead, they argued that the acid buffering capacities of the lakes and rivers where acid rain would have fallen would have had the biggest infl uence on pH of the water and the duration of the acid effect. Bailey et al. (2005) experimentally supported this hypothesis and, in turn, suggested that the effects of acid rain would have varied geographically with the CaCO 3 content of the fl uvial and lacustrine catchment sediments in different regions. Whereas the sandstones, siltstones, and mudstones of the Hell Creek Formation in northeastern Montana would have provided little acid-buffering capacity (Bailey et al., 2005) , according to Retallack (2004) , the calcareous smectitic paleosols near the Cretaceous-Paleogene boundary would have prevented the pH from dropping below 4. These prospects of acid neutralization and buffering continue to be invoked to minimize the severity of acid rain and thereby negate its role as a selective agent against caudates and allocaudates at the Cretaceous-Paleogene boundary (Retallack, 2004; Fastovsky and Sheehan, 2005) .
We disagree with this resolution and, in particular, argue that Retallack's (2004) biological assay is a critical oversimplifi cation. Moderate acidic conditions of pH 4.0-5.5 would incur a substantial and perceptible degree of harm to modern lissamphibians. Considerable variation in acid tolerances of lissamphibians has been reported among species, populations, and ontogenetic stages (for a review, see Pierce, 1985) . Though much of this research has focused on frogs, studies of salamanders suggest a similar degree of variation within this group and that, as a whole, they tend to be less tolerant of acid than frogs (Table 1 in Pierce, 1985 , and references therein). Thus, despite the limits of acid tolerances reported by Retallack (2004, his fi gure 2.7), some species, populations, and ontogenetic stages of modern salamanders would be affected by acid rain with pH 4.0-5.5. Moreover, although mortality tends to reach 100% as pH approaches lower tolerance limits of a taxon (e.g., 4.0-5.0 for the salamander Ambystoma; Pough and Wilson, 1977; Cook, 1983) , less acidic conditions can lead to lower but still signifi cant mortality rates (e.g., 50% for pH 5.0-7.0 in Ambystoma maculatum) as well as nonlethal effects, such as diminished growth rates and developmental abnormalities, which may reduce the survivorship of a population or species (Pierce, 1985 , and references therein; for additional effects, see also Wells, 2007) .
Using phylogeny to infer the acid tolerances of latest Cretaceous caudates and allocaudates of northeastern Montana is less than optimal, especially with regards to allocaudates, which have an uncertain phylogenetic position within lissamphibians (Milner, 2000; Gardner and Böhme, 2008) ; however, latest Cretaceous caudates include representatives of the extant Proteidae and Sirenidae, the extinct Batrachosauroididae, which is possibly the sister taxon to the extant Proteidae, and the extinct Scapherpetontidae, which is generally placed among crown group salamanders (Urodela; Estes, 1981; Gardner, 2000c; but see Milner, 2000) . We therefore infer that latest Cretaceous caudates and allocaudates of northeastern Montana had at least a similar range of acid tolerances, sources of variation in those tolerances, and range of effects to acidifi cation as is found in modern lissamphibians. On this basis, if theoretical and empirical estimates for acid rain at the Cretaceous-Paleogene boundary in northeastern Montana are correct, we would expect that acid rain would have had signifi cant impact on the Cretaceous-Paleogene survivorship of caudates and allocaudates.
Offi cer et al. (1987) predicted that Deccan volcanism would include massive fl uxes of volatiles (H 2 SO 4 , HCl, CO 2 ) that would also ultimately result in global acid rain and possibly a decrease in atmospheric ozone before the Cretaceous-Paleogene boundary. Self et al. (2006) estimated that a single eruption would emit up to 35,000 Tg of SO 2 over the course of a decade. The alternating episodes of eruptions and hiatuses from the main phase of Deccan volcanism during the last ~500-600 k.y. of the Cretaceous would have had enormous and lasting impact on the atmosphere (Self et al., 2006) . The elevated strontium isotope ratios from ~300-400 k.y. before the Cretaceous-Paleogene boundary (Nelson et al., 1991; Vonhof and Smit, 1997) seem to support this claim, although there is no reported evidence of acid rain before the Cretaceous-Paleogene boundary in northeastern Montana (Retallack et al., 1987; Retallack, 1996 Retallack, , 2004 .
Results of the analysis of the caudate and allocaudate fauna of northeastern Montana (this study) include evidence of moderate levels of taxonomic disappearances and declines in heterogeneity and abundances that are indicative of environmental stress leading up to and at the Cretaceous-Paleogene boundary. As such, they may be consistent with acid rain resulting from both Deccan volcanism during the last ~400 k.y. of the Cretaceous and a bolide impact at the Cretaceous-Paleogene boundary. However, considerable work remains to be done to determine (1) whether acid rain was associated with the volatile fl ux from the Deccan volcanism; (2) whether it was associated with the CretaceousPaleogene boundary in northeastern Montana and elsewhere; and (3) whether, in either case, it in particular caused the changes in the lissamphibian faunas of northeastern Montana. Future work will aim to more specifi cally test this hypothesis by looking for signatures of acid trauma in the latest Cretaceous caudate and allocaudate fauna (developmental abnormalities, reduction in growth rates).
Implications for the Cretaceous-Paleogene Extinction Scenario
Our study of the caudate and allocaudate fauna is one of a few that have quantitatively analyzed high-resolution temporal patterns of both presence-absence data and relative abundance data in continental vertebrates leading up to and across the Cretaceous-Paleogene boundary. These two types of data offer complementary viewpoints of extinction: Presence-absence data form the basis for estimating the timing, severity, and selectivity of extinctions, whereas relative abundance data refl ect the ecological stability of species and paleocommunities, thus providing insight into extinction vulnerabilities and the ecological process of extinction (McKinney, 1997) . As a result, this study provides a more comprehensive approach to discriminating between competing scenarios for the Cretaceous-Paleogene mass extinction event than has been presented in most previous work on continental vertebrates.
Coupled with results from other such studies, the results presented here lend growing support in favor of a complex multiple-cause scenario for the Cretaceous-Paleogene mass extinction event. The stepwise pattern of extinctions and extirpations, the sharp drop in the relative abundance of Scapherpeton, and the decline in diversity, as measured by heterogeneity indices, of the caudate and allocaudate fauna of northeastern Montana point to ecological instability during the fi nal ~400 k.y. of the Cretaceous. If these or similar patterns were not found in other taxa, geographic regions, and paleoenvironmental settings, they could be cast aside as anomalous. However, the caudate and allocaudate trends temporally correlate with, for example, ecological instability in the mammalian fauna of northeastern Montana (Wilson, this volume) , turnover in the paleofl ora of nearby North Dakota (i.e., HC II to HC III fl ora; Wilf et al., 2003; Wilf and Johnson, 2004) and palynofl ora of northern Canada (i.e., RT3-level; Sweet and Braman, 2001 ), symptoms of elevated biotic stress in the marine biota (e.g., planktonic foraminifera; Keller, 2003) , and probable causes in the form of the late Maastrichtian event and Deccan volcanism. Consequently, compelling evidence exists that this was a global rather than local phenomenon that preceded the CretaceousPaleogene boundary bolide impact.
We make no claim that the biotic changes that have been recorded during the lead-up to the Cretaceous-Paleogene boundary were more severe than those that occurred across the Cretaceous-Paleogene boundary; this is borne out by examples from the caudate and allocaudate fauna (this study), the mammalian fauna (Wilson, this volume) , the paleofl ora (Wilf et al., 2003; Wilf and Johnson, 2004) , and the planktonic foraminifera (Keller, 2003) . Rather, we argue that the fi rst phase, the ecological instability, may have helped precipitate the second phase, the mass extinction. Recent theoretical and empirical research in ecology (for reviews, see, e.g., Scheffer et al., 2001; Scheffer and Carpenter, 2003; Huggett, 2005) suggests that ecosystems may respond in a nonlinear fashion to gradual accumulation of environmental perturbations. That is, the biotic changes will be minor or imperceptible until the perturbations, additively or synergistically, surpass some "ecological threshold," which in turn leads to large and sudden biotic changes. Barnosky (2008) invoked "ecological thresholds" in explaining how the synergistic effects of multiple events (human impact, climate change) culminated in the Quaternary megafaunal extinction. Likewise, Arens and West (2008) detailed a "press-pulse" model for the Cretaceous-Paleogene mass extinction event, in which longer-term environmental disturbances, such as volcanism and climate change, additively destabilized biotic communities in advance of the "knock-out" blow from the bolide impact at the Cretaceous-Paleogene boundary. Moreover, Mitchell et al. (2012) used food-web models to show how changes in trophic structure of terrestrial communities during the Late Cretaceous might have lowered the collapse threshold for Maastrichtian communities. Although the data presented here and in other studies (e.g., Keller, 2003; Wilson, this volume) strongly resemble the patterns predicted by these models, key aspects require further investigation, namely, the robustness and pervasiveness of the pre-Cretaceous-Paleogene biotic patterns, the temporal correlations among them, the severity of the proposed environmental perturbations, and the mechanistic relationship between the latest Cretaceous ecological instability and the more severe concentration of extinctions across the Cretaceous-Paleogene boundary. We urge further work on these topics and stress the need to document and understand the variability of these patterns among biotic groups and across geographic areas.
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